Stringent response pathways involving inorganic polyphosphate (PolyP) play an essential role in bacterial stress adaptation and virulence. The intracellular levels of PolyP are modulated by the activities of polyphosphate kinase-1 (PPK1), polyphosphate kinase-2 (PPK2), and exopolyphosphatases (PPXs). The genome of Mycobacterium tuberculosis encodes two functional PPXs, and simultaneous deletion of ppx1 and ppx2 results in a defect in biofilm formation. We demonstrate here that these PPXs cumulatively contribute to the ability of M. tuberculosis to survive in nutrient-limiting, low-oxygen growth conditions and also in macrophages. Characterization of single (⌬ppx2) and double knockout (dkppx) strains of M. tuberculosis indicated that PPX-mediated PolyP degradation is essential for establishing bacterial infection in guinea pigs. RNA-Seqbased transcriptional profiling revealed that relative to the parental strain, the expression levels of DosR regulonregulated dormancy genes were significantly reduced in the dkppx mutant strain. In concordance, we also provide evidence that PolyP inhibits the autophosphorylation activities associated with DosT and DosS sensor kinases. The results in this study uncover that enzymes involved in PolyP homeostasis play a critical role in M. tuberculosis physiology and virulence and are attractive targets for developing more effective therapeutic interventions.
Stringent response pathways involving inorganic polyphosphate (PolyP) play an essential role in bacterial stress adaptation and virulence. The intracellular levels of PolyP are modulated by the activities of polyphosphate kinase-1 (PPK1), polyphosphate kinase-2 (PPK2), and exopolyphosphatases (PPXs). The genome of Mycobacterium tuberculosis encodes two functional PPXs, and simultaneous deletion of ppx1 and ppx2 results in a defect in biofilm formation. We demonstrate here that these PPXs cumulatively contribute to the ability of M. tuberculosis to survive in nutrient-limiting, low-oxygen growth conditions and also in macrophages. Characterization of single (⌬ppx2) and double knockout (dkppx) strains of M. tuberculosis indicated that PPX-mediated PolyP degradation is essential for establishing bacterial infection in guinea pigs. RNA-Seqbased transcriptional profiling revealed that relative to the parental strain, the expression levels of DosR regulonregulated dormancy genes were significantly reduced in the dkppx mutant strain. In concordance, we also provide evidence that PolyP inhibits the autophosphorylation activities associated with DosT and DosS sensor kinases. The results in this study uncover that enzymes involved in PolyP homeostasis play a critical role in M. tuberculosis physiology and virulence and are attractive targets for developing more effective therapeutic interventions.
Inorganic polyphosphate (PolyP) 7 is a polymer of phosphate residues linked by a phosphoanhydride bond and is present in every cell in nature (1) . Polyphosphate kinase-1 (PPK1) is highly conserved in bacteria and catalyzes polymerization of ␥-phosphate of ATP, resulting in formation of PolyP chain (2) . In bacteria, PolyP functions as a means of storage of phosphorus and energy and substitutes for ATP in kinase reactions. Polyphosphate kinase 2 (PPK2) utilizes PolyP as substrate to generate nucleoside triphosphates (3) . Exopolyphosphatases (PPXs) degrade PolyP into smaller chains of inorganic phosphates (4, 5) . PPX enzymes contain two functional domains, an N terminus catalytic domain and carboxyl terminal domain responsible for substrate binding (6) . PPX enzymes are classified into two different categories: classical PPX and dual-function PPX-GppA. Classical PPXs are monofunctional, and PPX-GppA enzymes possess both exopolyphosphatase and guanosine pentaphosphate hydrolase activity (6) (7) (8) . PolyP deficiency or accumulation affects motility, quorum sensing, biofilm formation, sporulation, bacterial pathogenesis, and resistance to complement-mediated killing (9 -15) . During starvation, PolyP accumulation activates Lon protease, which degrades ribosomal proteins to liberate free amino acids (16) . PolyP accumulation in Escherichia coli induces RpoS expression, and this leads to the reduced expression of genes involved in bacterial growth and metabolism (17) .
Intracellular PolyP content in Mycobacterium tuberculosis increases at later stages of growth and upon exposure to different stress conditions (18, 19) . The genome of M. tuberculosis encodes for enzymes involved in both PolyP synthesis (PPK1 and Rv2984) and degradation (PPK2, Rv3232c and PPX1, Rv0496 and PPX2, and Rv1026) (20) . PPX homologs from both E. coli and M. tuberculosis are inhibited by (p)ppGpp, thereby suggesting a feedback mechanism in stringent response path-
Results

PPX1 and PPX2 catalyze the release of P i from PolyP
Using E. coli PPX as a reference sequence, multiple-sequence alignment was performed using ClustalW software (Fig. 1A) . The genome of M. tuberculosis encodes for PPX1 and PPX2 that share an identity of 23 and 27% with E. coli homolog, respectively (Fig.  1A) . The presence of two or more exopolyphophatases within a species has also been reported in other microorganisms, such as E. coli, Vibrio cholerae, and Corynebacterium glutamicum. The residues important for catalysis, Mg 2ϩ binding, and P-loop motif (DXGGGSXE) are conserved in both PPX1 and PPX2 (29 -31) (Fig. 1A) . We first determined the substrate specificity of M. tuberculosis PPX homologs using PolyP 3 , PolyP 17 , GTP, or ATP. For biochemical characterization, both PPX1 and PPX2 were expressed and purified as MBP fusion proteins in E. coli. We observed that both PPX1 and PPX2 possessed exopolyphosphatase activity, and PPX2 activity was higher compared with PPX1 activity (Fig. 1B) . Interestingly, both PPX1 and PPX2 also displayed GTPase and ATPase activity in vitro (Fig. 1B) . The maximal polyphosphatase activity of both PPX1 and PPX2 was attained within the initial 10 min of in vitro enzymatic reactions (data not shown). As shown in Fig. 1C , both exopolyphosphatase reactions Figure 1 . A, multiple sequence alignment of protein sequences of PPX enzymes from M. tuberculosis and other bacterial species. Multiple-sequence alignment among protein sequences was performed using ClustalW and formatted using Escript 3.0. The conserved residues are highlighted in red boxes. Other identical residues have been highlighted in blue boxes. The accession numbers of protein sequences are as follows: AAG57612 (E. coli O157:H7), WP001121363 (Proteobacteria), NP457037 (Salmonella Typhi CT18), AMF97874 (Vibrio harveyi), NP253938 (P. aeruginosa PA01) NP215542, NP215010 (M. tuberculosis H 37 Rv), WP010907637, AAA17230 (M. leprae), and YP 889654, WP011727300 (M. smegmatis). B, biochemical analysis of M. tuberculosis PPX1 and PPX2. The purified MBP, MBP-PPX1, and MBP-PPX2 were incubated with a 100 M concentration of either PolyP 3 or PolyP 17 or ATP or GTP at 37°C for 10 min. The amount of P i released in enzymatic reaction was determined using the Quantichrom phosphate assay kit. The data shown in this panel are the mean Ϯ S.E. (error bars) obtained from three independent experiments. C, Michaelis-Menten plots for PPX1 and PPX2 enzymes. The formation of P i in enzymatic assays was quantified by measuring absorbance at 630 nm using the Quantichrom phosphate assay kit. The data shown are the mean Ϯ S.E. of initial velocities of M P i released/min obtained from three independent experiments. , respectively.
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Stress induces expression of ppx1 and ppx2 in M. tuberculosis
TB infection in the host is an outcome from adaptation of M. tuberculosis to unfavorable environmental conditions within lung granulomas, such as hypoxia, nutrient limitation, reactive nitrogen intermediates, and low pH (32, 33) . Recent studies have reported transient elevation of PolyP content at later stages of growth and in M. tuberculosis exposed to different stress conditions (18, 19) . Therefore, we next determined whether transcript levels of ppx1 and ppx2 are altered in these stress-related growth conditions (Fig. 2) . We observed that ppx1 transcript levels increased by ϳ4.0 and 10.0-fold, respectively, in M. tuberculosis exposed to nitrosative stress and low-oxygen conditions ( Fig. 2A ; **, p Ͻ 0.01; ***, p Ͻ 0.001), whereas ppx2 expression was enhanced in most of the conditions tested. As shown in Fig. 2B , ppx2 transcript levels increased by 4.0-fold in mid-log phase cultures of M. tuberculosis (**, p Ͻ 0.01). In M. tuberculosis exposed to nitrosative, nutrient-limiting, low-oxygen or phosphate-limiting growth conditions, ppx2 transcript levels increased by 4.0-, 3.0-, 25.0-, and 3.0-fold, respectively ( Fig. 2B ; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001).
Exopolyphosphatases are required for M. tuberculosis biofilm formation and survival in nutrient-limiting and low-oxygen conditions
To understand the role of exopolyphosphatase in M. tuberculosis physiology, drug tolerance, and virulence, we next generated single ⌬ppx1, ⌬ppx2, and double mutant strains (dkppx) of M. tuberculosis using temperature-sensitive mycobacteriophages (Fig. S1A) . The replacement of open reading frames by the respective antibiotic resistance genes in mutant strains was confirmed by PCR using locus-specific primers. As expected, the PCR products of the expected size were obtained in the case of parental and mutant strains (Fig. S1B) . The construction of a double-mutant strain in M. tuberculosis was also confirmed by Southern blotting using locus-specific probes (Fig. S1C) . Previously, it has been shown that transcript levels of ppk1 and ppk2 are reduced in ⌬ppx1 strain, suggesting a regulatory feedback mechanism (25) . However, the transcript levels of ppk1 and ppk2 were slightly increased by 1.5-2.0-fold in log phase cultures of dkppx mutant strain of M. tuberculosis compared with parental strain (Fig. S2A) . We also observed that the transcript levels of ppk1 and ppk2 in ⌬ppx2 strain were comparable with those in the parental strain (Fig. S2A) .
We also observed that the growth for both strains was comparable in liquid cultures until stationary phase (Fig. 3A) . As expected, we observed higher intracellular PolyP levels in log phase cultures of dkppx strain compared with the parental strain ( Fig. 3B ; *, p Ͻ 0.05; **, p Ͻ 0.01). However, the intracellular PolyP levels were comparable in WT and single-mutant strains (Fig. 3B) . The colony morphology of WT and dkppx mutant strain was also similar on solid medium (Fig. S2B) . Numerous studies have demonstrated that PolyP homeostasis is required for biofilm formation and motility of various microorganisms including Pseudomonas aeruginosa, Klebsiella pneumoniae, V. cholerae, Salmonella typhimurium, and Bacillus cereus (11-13, 34 -37) . Therefore, we next compared the ability of parental, ⌬ppx1, Dppx2, and dkppx strains of M. tuberculosis to form biofilms (Fig. 3C) . The strains were grown in Sauton's medium without Tween 80 to induce biofilm formation. Here, we observed that simultaneous deletion of both PPX1 and PPX2 in dkppx strain resulted in reduced biofilm formation compared with the parental strain (Fig. 3C) . We also demonstrated that complementation with either ppx1 or ppx2 was unable to restore the biofilm defect associated with dkppx strain (Fig. 3C) . The levels of biofilm formation were similar in parental, ⌬ppx1, and ⌬ppx2 strains at 4 weeks postincubation (Fig. 3C) . Previous studies have shown that altered lipid composition or metabolic growth rates are responsible for alterations in biofilm formation in M. tuberculosis (18, 38 -41) . Next, we compared the growth rates between WT and dkppx strain when grown planktonically in Sauton's medium containing Tween 80. We observed that the growth kinetics of dkppx strain was significantly reduced compared with the parental strain (Fig. 3D) . These findings confirmed that simultaneous deletion of both PPX1 and PPX2 in M. tuberculosis is responsible for altered biofilm formation in the case of dkppx strain.
PolyP homeostasis is critical and essential for stress adaptation and virulence of various bacterial pathogens (11-13, 35, 36, Figure 2 . Gene expression analysis by qPCR for ppx1 and ppx2 in M. tuberculosis under different conditions. mRNA was isolated from M. tuberculosis in different growth conditions or after exposure to different stress conditions, such as oxidative (H 2 O 2 ), nitrosative (NO 2 ), nutritional (TBST), low-oxygen (NRP), and phosphate-free medium (PO 4 ). qPCR was performed, and relative expression of ppx1 (A) and ppx2 (B) transcripts was quantified after their normalization to transcript levels of the housekeeping gene, sigA. The data are represented as mean Ϯ S.E. (error bars) obtained from three independent experiments. Significant differences were observed for the indicated groups (paired, two-tailed, t test; *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001).
PolyP homeostasis is essential for M. tuberculosis virulence [42] [43] [44] . Because PPX enzymes are involved in PolyP metabolism, we hypothesized that these enzymes would also contribute in M. tuberculosis adaptation to different stress conditions and persistence in the host. To test this hypothesis, we compared the ability of the M. tuberculosis WT and dkppx mutant strain to survive in different stress conditions. The dkppx mutant strain did not show altered susceptibility upon exposure to either oxidative or nitrosative or acidic stress conditions (Fig. S2C ). The dkppx mutant strain displayed 2% survival compared with 8% survival in the case of WT strain upon exposure to 0.25% SDS for 3 days, and no change in susceptibility was observed upon exposure to lysozyme ( Fig. S2D ; *, p Ͻ 0.05). Earlier studies have related metal tolerance to PolyP levels in bacteria, and it has been reported that metals stimulate PolyP degradation and that metal-phosphate complexes are exported through a transport system (45) . Hence, we compared the sensitivity of parental and dkppx mutant strain in liquid medium containing 500 M CuSO 4 . We did not observe any difference in the susceptibility of these strains upon exposure to CuSO 4 ( Fig. S2D) . We noticed that upon 14 days of exposure to nutrient-limiting growth conditions, the dkppx strain displayed a survival defect of ϳ9.0-fold ( Fig. 4A ; *, p Ͻ 0.05). We were unable to restore this growth defect upon complementation of dkppx strains with individual PPX enzymes (Fig. S3A ). In concordance with observed up-regulation of ppx1 and ppx2 in low-oxygen conditions, relative to WT strain, dkppx mutant strain displayed a 5.0-fold defect in growth upon exposure to low-oxygen conditions in sealed tubes ( Fig. 4B ; *, p Ͻ 0.05). However, the growth patterns of parental and single-mutant strains were comparable in low-oxygen growth conditions (Fig. S3B ).
PPX1 and PPX2 enzymes cumulatively contribute to intracellular survival and INH tolerance of M. tuberculosis
Next, the intracellular survival of WT and ppx mutant strains was assessed using THP-1 macrophages. Compared with the parental strain, the dkppx mutant displayed a significant defect for growth in THP-1 macrophages at days 2, 4, and 6 postinfection. As shown in Fig. 4C , the bacterial counts in WT and dkppx were comparable immediately after infection. These observations suggest that the dkppx mutant strain of M. tuberculosis was not impaired in its ability to infect macrophages. In the case of WT strain, the intracellular bacterial counts increased by 2.5-, 7.5-, and 9.5-fold at days 2, 4, and 6 postinfection compared with counts at time 0 after infection (Fig.  4C ). In contrast, the bacterial loads in dkppx-infected macrophages increased marginally by 2.25-fold at day 6 post-infection ( Fig. 4C ; *, p Ͻ 0.05; **, p Ͻ 0.01). The ⌬ppx1 strain displayed a growth defect of ϳ2.5-fold at both days 4 and 6 post-infection ( Fig. S3C ; *, p Ͻ 0.05), but ⌬ppx2 strain did not show any difference at any time point post-infection (Fig. S3C) . Furthermore, in concordance with previously published reports, we also observed that PolyP accumulation in dkppx strain resulted in increased tolerance to isoniazid, a cell wall inhibitor ( Fig. 4D ; *, p Ͻ 0.05) (18, 19, 23) . However, both WT and dkppx mutant strains were susceptible to comparable levels upon exposure to levofloxacin (Fig. 4D ). This tolerance to isoniazid was also a Figure 3 . A, growth kinetics of WT and dkppx strains in MB7H9 medium. The effect of deletion of ppx genes on M. tuberculosis growth in MB7H9 medium was determined by measuring A 600 nm until stationary phase using a visible spectrophotometer. The data shown are representative of three independent experiments. B, quantification of PolyP levels in parental, ⌬ppx1, ⌬ppx2, and dkppx strains of M. tuberculosis. Various strains were grown to either mid-log (A 600 nm ϳ1.0) or late log phase (A 600 nm ϳ2.5), and intracellular PolyP levels were estimated, normalized to the amount of protein, and are depicted as mean Ϯ S.E. (error bars) obtained from three different experiments. Significant differences were observed for the indicated groups (paired, two-tailed, t test; *, p Ͻ 0.05; **, p Ͻ 0.01). C, effect of ppx deletion on biofilm formation of M. tuberculosis. For biofilm images, various strains were cultured in Sauton's medium in polystyrenecoated 6-well plates. The plates were incubated at 37°C without shaking for 4 weeks. The images shown are representative of three independent experiments. D, growth kinetics of WT and dkppx strain in Sauton's medium. The growth of WT and dkppx strain in Sauton's medium was determined by measuring A 600 nm until stationary phase using a visible spectrophotometer. The data shown in this panel are representative of three independent experiments.
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cumulative effect, as single mutant strains were as susceptible as parental strain upon exposure to isoniazid (Fig. S3D) . Further, we were unable to restore this phenotype upon complementation of dkppx strain with individual PPX enzymes (Fig.  S3D ). These findings implicate that PPX-mediated degradation of PolyP is essential for biofilm formation, survival in macrophages, and INH tolerance.
Exopolyphosphatases are required for M. tuberculosis to establish infection in guinea pigs
M. tuberculosis infection in guinea pig occurs with an initial phase of growth termed as acute infection. However, upon onset of adaptive immunity, bacterial growth slows down, but M. tuberculosis is able to persist in the host. We had previously demonstrated that PolyP deficiency in M. tuberculosis is associated with impaired chronic infection and reduced gross pathology in lung tissues of guinea pigs (19) . Moreover, PolyPaccumulating strains with deletions in either PPX1 or PPK2 are also impaired for growth in guinea pigs in both acute and chronic stages of infection (24, 25) . To determine the involvement of ppx2 in in vivo infection, guinea pigs were aerosolinfected with either WT or ⌬ppx2 mutant or ⌬ppx2 complemented strains. We observed that ⌬ppx2 strain was attenuated for growth and displayed a 40.0-fold reduction in lungs and splenic bacillary counts compared with WT-infected guinea pigs at 4 weeks post-infection ( Fig. 5A ; **, p Ͻ 0.01; ***, p Ͻ 0.001). The ⌬ppx2 mutant strain also exhibited a persistence defect in the chronic stage of infection. The bacterial loads were reduced in spleens and lungs by 70.0-and 20.0-fold, respectively, compared with WT-infected guinea pigs at 8 weeks postinfection ( Fig. 5A ; **, p Ͻ 0.01; ***, p Ͻ 0.001). This growth defect associated with ⌬ppx2 strain was restored in the complemented strain, indicating that the observed attenuation in vivo was due to loss of ppx2 function ( Fig. 5A ; **, p Ͻ 0.01).
To further unravel the collective biological function of exopolyphosphatases, ppx1 and ppx2, in M. tuberculosis persistence, in vivo infection of parental and dkppx mutant strain of M. tuberculosis was performed in guinea pigs. Relative to parental strain, the lung bacillary loads were reduced by 300.0-fold in guinea pigs infected with dkppx mutant strain at 8 weeks post-infection ( Fig. 5B ; ***, p Ͻ 0.001). As shown in Fig. 5B , dkppx mutant strain was cleared more rapidly from spleens of infected guinea pigs at 8 weeks post-infection (***, p Ͻ 0.001). In both these experiments, aerosol infection resulted in implantation of ϳ100 bacilli in lungs of guinea pigs infected with either parental or mutant strains (Fig. 5, A and B) . This attenuated phenotype associated with dkppx strain was also evident in histological analysis of the lung sections. Pathology of lung tissues from guinea pigs infected with WT strain at 8 weeks post-infection displayed typical features of M. tuberculosis infection with multiple necrotizing granulomas, whereas the animals infected with dkppx mutant strain showed normal lung parenchyma with minimum inflammation or granuloma formation A, early logarithmic phase cultures of various strains were washed, harvested, and exposed to TBS-Tween 80 for either 7 or 14 days. B, nonreplicative hypoxia was generated in sealed tubes. Bacterial viability was determined at days 14, 28, 40, and 56. C, the effect of disruption of ppx genes on M. tuberculosis growth in THP-1 macrophages. THP-1 macrophages were infected with either parental or dkppx mutant strain at a multiplicity of infection of 1:1. At days 0, 2, 4, and 6 post-infection, macrophages were lysed in 1ϫ PBST, and bacterial loads were determined as described under "Experimental procedures." D, susceptibility of various strains to different drugs in vitro. For in vitro drug tolerance experiments, mid-log phase cultures of WT and dkppx strains were exposed to either levofloxacin or isoniazid for 14 days. For bacterial enumeration, 10.0-fold serial dilutions were prepared, and 100 l was plated on MB7H11 plates at 37°C for 3-4 weeks. Data shown are the mean Ϯ S.E. (error bars) obtained from three independent experiments performed in triplicate wells. Percentage survival was measured as number of cfu/ml in the culture after incubation with the drug relative to the cfu of the culture before the addition of drug. Significant differences were observed for the indicated groups (paired, two-tailed, t test; *, p Ͻ 0.05; **, p Ͻ 0.01).
PolyP homeostasis is essential for M. tuberculosis virulence (Fig. 5, C and D) . In agreement with bacterial loads, the total granuloma score in lung sections of guinea pigs infected with dkppx mutant strain at 8 weeks post-infection was reduced by ϳ8.0-fold compared with lung sections from WT-infected guinea pigs (data not shown).
Reduced expression of DosR-regulated dormancy genes in dkppx mutant strain of M. tuberculosis
To gain insights into physiological roles of intracellular PolyP, transcriptional profiling was performed on RNA isolated from mid-log phase cultures of WT and dkppx mutant strains of M. tuberculosis. The detailed analysis of the transcriptional profiles using a p value of 0.05 and 2.0-fold cutoff revealed that, relative to WT strain, approximately 202 genes are differentially expressed in dkppx mutant strain (Table S1 ). Of these, 25 transcripts were up-regulated, whereas 177 transcripts were down-regulated. We further characterized these differentially regulated genes as per their annotations in Tuberculist (www. tuberculist.epfl.ch). 8 Interestingly, many transcripts down-regulated in the dkppx mutant strain encoded for either conserved hypothetical proteins or proteins that are involved in cell wall processes or intermediary metabolism (Fig. 6A ). In the case of up-regulated genes, the majority of these transcripts encoded for conserved hypothetical proteins (Fig. 6A) .
The DosR (DevR) response regulator of M. tuberculosis forms part of a two-component system with DosS (DevS) and DosT. Several studies have shown that exposure to low-oxygen conditions results in drastic changes of gene expression (46 -49) . This gene regulation is mediated by the DosSR (DevSR) two-component system and is important for survival of M. tuberculosis under hypoxic conditions and for it to enter the nonreplicating dormant state. Interestingly, DosR-regulated dormancy genes were also significantly down-regulated in dkppx mutant strain (49) (Fig. 6B) . Included in these genes were dormancy-regulated genes, ␣-crystallin or acg, required for M. tuberculosis survival in infected macrophages and mice (50) , and fdxA, a ferredoxin, known to be up-regulated in hypoxia, in acidic conditions, and in macrophages (49, 51) . Similarly, the transcripts of narX and narK2, proteins involved in nitrate reduction and transport, were also reduced in dkppx mutant strain (49) . Moreover, the transcript levels of universal stress proteins (USPs; Rv1996, Rv2005c, Rv2623, and Rv3134c) were 
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also reduced in dkppx mutant strain (52) . These proteins enable M. tuberculosis to adapt to conditions such as nitric oxide, reactive oxygen, and acidic pH (52) . Another DosR-regulated gene, tgs-1, implicated in utilization of host triacyl glycerol for lipid synthesis by M. tuberculosis, was also down-regulated in dkppx mutant strain (53) . We confirmed down-regulation of several members of the DosR regulon in mid-log phase cultures of dkppx mutant strain by qPCR using gene-specific primers ( Fig.  6C ; **, p Ͻ 0.01; ***, p Ͻ 0.001). Among these down-regulated genes, 17 have been predicted to be essential for in vitro growth of M. tuberculosis (26, 28) . However, we did not observe any differences in the transcript levels of these genes in early-log phase cultures of dkppx mutant strain (Fig. 6D) .
These observations suggested that PolyP accumulation might result in inhibition of DosS-or DosT-mediated regulation of dormancy-associated genes in mid-log phase cultures (54, 55) . To test this hypothesis, we studied the effect of PolyP on autophosphorylation of DosT and DosS in vitro. In concordance with our RNA-Seq data, we observed that PolyP inhibited DosT and DosS autophosphorylation activity in a dose-dependent manner (Fig. 7A) . Interestingly, PolyP did not inhibit the autophosphorylation activities of other sensor kinases, such as PdtaS, KdpD, MtrB, and PrrB (Fig. S4) . Using microscale thermophoresis assays, in the presence of increasing concentrations of PolyP 17, K D values of 1.52 Ϯ 0.13 and 1.64 Ϯ 0.11 mM were determined for DosT and DosS binding, respectively (Fig.  7B) . Several studies have shown that the M. tuberculosis dormancy regulon is up-regulated in vitro upon exposure to either nitric oxide or carbon monoxide or ascorbic acid or low oxygen (56) . Next, we investigated the effect of PolyP accumulation on the expression of DosR-regulated genes in parental and dkppx strains upon exposure to 10 mM ascorbic acid. As shown in Fig.  7C , the transcription of various DosR-regulated genes was increased in parental strain compared with the dkppx strain when exposed to 10 mM ascorbic acid. Taken together, we demonstrate that PolyP accumulation in M. tuberculosis results in suppression of the expression of dormancy-associated genes, which might be responsible for the observed attenuation of the dkppx strain in guinea pigs. However, this PolyP-dependent suppression of the DosR regulon was not responsible for the enhanced isoniazid tolerance of the dkppx strain. We observed that deletion of dosR in the M. tuberculosis genome did not affect persister cell formation upon exposure to either levofloxacin or isoniazid for 14 days (data not shown). These obser- Figure 6 . A, differential expression of genes in dkppx mutant strain. Pie charts represent significantly down-regulated or up-regulated genes in the dkppx mutant strain classified as per their functional annotation. B, heat maps comparing expression levels of a subset of dosR-regulated genes in dkppx mutant strain (1) and in M. tuberculosis upon exposure to low-oxygen conditions (2) in vitro. C and D, the transcript levels of a subset of DosR-regulated dormancy genes were quantified in mid-log phase (A 600 nm ϳ1.0) (C) and early-log phase (A 600 nm ϳ0.2) cultures (D) of WT and dkppx strain by qPCR using gene-specific primers. The relative expression of these transcripts was calculated after normalization to levels of the housekeeping gene, sigA. The x axis shows the gene ID tested, and data shown on the y axis are mean Ϯ S.E. (error bars) -fold change obtained from three independent experiments. Significant differences were observed for the indicated groups (paired, two-tailed, t test; **, p Ͻ 0.01; ***, p Ͻ 0.001).
vations suggest that PolyP homeostasis in M. tuberculosis is essential for dormancy-associated adaptive response and its ability to establish disease in guinea pigs.
Discussion
In this study, we have enhanced our present understanding of the contribution of PolyP homeostasis in mycobacterial physiology. We biochemically characterized PPX homologs from M. tuberculosis and show that both PPX1 and PPX2 utilize polyphosphates of different chain lengths as substrates. Similar to PPX enzymes from other microorganisms, both homologs displayed a pH optimum of 7.0 -8.0 and required Mg 2ϩ ion for maximal enzymatic activity in vitro. In addition to exopolyphosphatase activity, these enzymes also possessed ATPase and GTPase activity. Previously, PPX2 has been reported to be an essential gene for M. tuberculosis growth in vitro and up-regulated during the chronic stage of infection (27, 28) . However, we were able to generate ⌬ppx2 single and dkppx double mutant strains by homologous recombination in M. tuberculosis. We observed functional redundancy between these two homologs, and only the dkppx mutant strain of M. tuberculosis was slightly impaired for growth in phosphate-limiting growth conditions. This growth defect is most likely to be associated with the inability of mutant strain to degrade PolyP into P i .
In M. tuberculosis, previous studies have shown that deletion of either PPK2 or PPX2 results in PolyP accumulation along with a defect in biofilm formation, probably as a result of a metabolic adjustment of the TCA cycle and lipid oxidation by an unknown mechanism (18, 23) . Additionally, the overexpression of PPXs in M. smegmatis has been linked to low PolyP levels that affect its sliding motility and biofilm formation (57) . Our results showed that dkppx mutant strain was impaired in its ability to form biofilms compared with single PPX mutants and the parental strain of M. tuberculosis in detergent-free Sauton's medium. We speculate that the biofilm formation defect of dkppx is due to metabolic shift induced by PolyP accumulation rather than due to the absence of certain cell wall components. Contrary to previous reports, biofilm defect was not observed in single ppx mutant strains of M. tuberculosis. This might be attributable to different parental strains used in these studies. The parental strain used in our study was H 37 Rv, whereas CDC1551 was the parental strain used by Chuang et al. (18) . These differences could be due to inherent differences in the intracellular PolyP levels achieved in single-mutant and transposon mutant strains generated in our study and that of Chuang et al. (18) , respectively. Further, the differences could be due to other signaling differences, which are known to vary between CDC1551 and H37Rv. In concordance, exopolyphosphatase-mediated PolyP degradation into P i is essential for biofilm formation in other microorganisms, such as E. coli, B. cereus, Campylobacter jejuni, and P. aeruginosa (57) (58) (59) .
In addition to biofilm formation, we also show that PPXmediated PolyP degradation is required for M. tuberculosis survival in nutrient-limiting and low-oxygen growth conditions. Consistent with previous studies, we show that the dkppx mutant strain has reduced susceptibility to the cell walltargeting drug isoniazid, whereas similar levels of susceptibility The data shown in these panels are the mean Ϯ S.E. (error bars) obtained from three independent experiments. C, the effect of PolyP accumulation on expression of dormancy-associated genes upon exposure to ascorbic acid. The relative transcript levels of a subset of DosR-regulated dormancy genes were quantified in the parental and dkppx mutant strain by qPCR following exposure to 10 mM ascorbic acid for 9 h. The data were analyzed as mentioned in the legend to Fig. 6C , and the data shown on y axis are the mean Ϯ S.E. -fold change obtained from three independent experiments. PolyP homeostasis is essential for M. tuberculosis virulence against levofloxacin, a replication inhibitor, were observed (18, 19, 23, 24) . This observed drug tolerance was not due to the emergence of drug-resistant mutants but because of the presence of drug-tolerant persisters. Contrary to previous reports, we did not observe increased tolerance to isoniazid in the case of ⌬ppx2 strain (18) . The comparison of transcription profiles between RNA isolated from mid-log phase cultures of WT and dkppx mutant strain indicates that expression of DosR-regulated dormancy genes was significantly reduced in the mutant strain. We also show that PolyP inhibits the autophosphorylation activity of both DosT and DosS in a dose-dependent manner. These findings suggest that PolyP degradation by exopolyphosphatases is essential for dormancy-associated adaptive response (Fig. 8) . These findings implicate that in addition to low oxygen, nitric oxide, carbon monoxide, and vitamin C, DosR-mediated gene expression is also regulated by PolyP levels in the bacteria (55, 60, 61) . We also show that PolyP degradation into P i is important for M. tuberculosis to establish infection in guinea pigs. As expected relative to WT strain, the growth defect was more pronounced in dkppx mutant-infected guinea pigs compared with ⌬ppx2-infected guinea pigs. These observations suggest that reduction in expression levels of these DosR-mediated pathways is likely to be associated with the reduced fitness of dkppx mutant strain in vivo.
In conclusion, we expand the present understanding of the multifactorial contribution of PolyP homeostasis in M. tuberculosis physiology and pathogenesis. We establish that M. tuberculosis PolyP levels are tightly regulated during different stages of growth and propose that modulation of PolyP levels by inhibiting either PolyP synthesis or its degradation might be an attractive target to combat tuberculosis. These modulators of PolyP homeostasis might also be effective against other bacteria that require this balance to maintain their intracellular survival.
Experimental procedures
Chemicals and reagents
Unless otherwise indicated, all chemicals used in the study were procured from either Merck or Thermo Fisher Scientific. 
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Multiple-sequence alignments
The protein sequences were retrieved from the NCBI database with a search item of polyphosphatase from E. coli. Multiple-sequence alignment was performed using ClustalW software, and the alignment outcome was formatted using Escript version 3.0.
Expression, purification, and biochemical assays
The ppx genes were PCR-amplified from M. tuberculosis H 37 Rv using Platinum TaqDNA polymerase and gene-specific oligonucleotides. The sequences of oligonucleotides used in the present study are shown in Table S2 . PPX amplicons were sequenced and cloned into pMALc2x. PPX enzymes were purified as MBP fusion proteins, and purified fractions were pooled and stored in buffer containing 20 mM Tris-Cl, pH 7.4, 200 mM NaCl, 1 mM EDTA, 5 mM ␤-mercaptoethanol, and 10% glycerol. Biochemical assays were performed in assay buffer (50 mM Tris-Cl, pH 7.4, 20 mM MgCl 2 , and 25 mM KCl) containing varying concentrations of ATP, GTP, PolyP 3 , and PolyP 17 and 2 M PPX1 or PPX2. At designated time points, P i released in an enzymatic reaction was quantified using the Quantichrom phosphate assay kit (BioAssay Systems) by measuring absorbance at 630 nm using a Synergy HT Plate reader (BioTek) (62) . PolyP, ATP, and GTP for biochemical assays was procured from Merck.
Microorganisms and culturing conditions
E. coli strains XL-1 blue and HB-101 were used for cloning and TB-1 for protein expression and purification. Various M. tuberculosis strains are derived from the H37Rv ATCC27294, respectively (Table 1) . Various mycobacterial strains were cultured in either MB7H9 or MB7H11 medium, as described previously (19) . When appropriate, antibiotics were added at the following concentrations: kanamycin (25 g/ml for both E. coli and mycobacteria), hygromycin (150 g/ml for E. coli and 50 g/ml for mycobacteria), and apramycin (50 g/ml for mycobacteria).
Mutant and complemented strain construction
Individual M. tuberculosis mutant strains were generated in a manner such that Rv0496 (ppx1) and Rv1026 (ppx2) were replaced with hygromycin resistance, respectively, using temperature-sensitive mycobacteriophages. Briefly, for the construction of ⌬ppx1 and ⌬ppx2 mutant strains of M. tuberculosis, the first and last 10 codons of the ORF was replaced with a hygromycin resistance cassette by homologous recombination (63) . The dkppx double mutant strain of M. tuberculosis was generated by replacing ppx2 with the kanamycin resistance gene in the genome of ⌬ppx1 using temperature-sensitive mycobacteriophages (63) . For construction of the ⌬ppx2-CT strain of M. tuberculosis, ppx2 was PCR-amplified and cloned This study a The plasmids used for sensor kinase autophosphorylation assays were described previously (69).
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into pJEB-402. For complementation of the M. tuberculosis dkppx strain with ppx2, Rv1026 was cloned under the control of hsp60 promoter in pMV306-apramycin. For complementation of the dkppx strain with ppx1, Rv0496 was PCR-amplified along with its native promoter and cloned into pMV306-apramycin. The deletion of these exopolyphosphatases in their respective mutant strains was confirmed by PCR or qPCR or Southern blotting hybridization.
PolyP quantification assay
At designated time points, PolyP was extracted and quantified using a DAPI-based assay as described previously (64 -66) . The PolyP concentration in bacterial samples was determined by measuring fluorescence of the DAPI-PolyP complex (excitation 415 nm and emission 525 nm) using a Synergy HT plate reader (BioTek). Increasing concentrations of commercially available PolyP were used to generate a standard curve to determine PolyP levels in bacterial samples.
qPCR analysis
For qPCR studies, total mRNA was extracted from M. tuberculosis exposed to different growth conditions using TRIzol reagent as described previously (19) . For qPCR experiments, RNA was isolated from mid-log phase cultures (A 600 nm ϳ1.0), or from early log phase cultures exposed to the following conditions: 5 mM H 2 O 2 in MB7H9 medium for 6 h; 5 mM NaNO 2 in MB7H9 medium, pH 5.2, for 6 h; TBS, 0.05% Tween 80 for 7 days, low-oxygen conditions for 30 days, and phosphate-free medium for 7 days. 1 g of mRNA was subjected to DNase treatment, and cDNA was prepared using Superscript III reverse transcriptase. The synthesized cDNA was subjected to qPCR using gene-specific primers and SYBR Green mix (Applied Biosystems). The data obtained were normalized to the transcript levels of the housekeeping gene sigA and quantified as described previously (19) .
In vitro M. tuberculosis stress, drug tolerance, and biofilm experiments
For stress experiments, various M. tuberculosis strains were grown until late log phase and diluted in fresh medium until A 600 nm reached 0.2-0.3. To measure susceptibility upon exposure to oxidative stress, cultures were diluted and incubated with 5 mM H 2 O 2 for 24 h at 37°C. For nitrosative stress, cultures were harvested and incubated at pH 5.2 with 5 mM NaNO 2 for 3 days. To understand the role of PPX enzymes in the adaptation of M. tuberculosis to nutritional stress, early-log phase cultures were washed with 1ϫ TBS-Tween 80 (1ϫ TBST) and resuspended in 1ϫ TBST for either 7 or 14 days. The survival of parental and dkppx strain was also compared after incubation with either 0.25% SDS for 3 days, 2.5 mg/ml lysozyme for 3 days, or 500 M CuSO 4 for 7 days. For drug tolerance experiments, mid-log phase cultures were exposed to either 10 g/ml levofloxacin or 10 g/ml isoniazid for 14 days. For bacterial enumeration, 10.0-fold serial dilutions were prepared, and 100 l was plated on MB7H11 plates at 37°C for 3-4 weeks. For biofilm formation in M. tuberculosis, various strains were grown until mid-log phase, diluted in detergent-free Sauton's medium in 6-well plates, Parafilm-sealed, and incubated at 37°C for 4 weeks without shaking (67) .
Macrophage experiments
For macrophage experiments, THP-1 monocytes were differentiated using 25 ng/ml PMA and seeded at a cell density of 2 ϫ 10 5 /well in 24-well plates. The next day, THP-1 macrophages were infected with single cell suspensions of log-phase cultures of M. tuberculosis at a multiplicity of infection of 1:1. After 4 h of infection, macrophages were washed with antibiotic-free RPMI medium and overlaid with medium containing 200 g/ml amikacin for 2 h. At 6 h, 2 days, 4 days, and 6 days post-infection, infected macrophages were lysed with 1ϫ PBS containing 0.1% Triton X-100 (1ϫ PBST). For bacterial enumeration, 10.0-fold serial dilutions were prepared, and 100 l was plated on MB7H11 plates at 37°C for 3-4 weeks, as described previously (68) .
Animal experiments
The animal experiments were performed as per Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA, India) guidelines. The protocols were reviewed and approved by the institutional animal ethics committee of the International Centre for Genetic Engineering and Biotechnology (ICGEB) and Translational Health Science and Technology Institute (THSTI). For infection studies, female guinea pigs (Hartley strain, 250 -300 g) were exposed to 10 7 cfu of single-cell suspension of various strains via the aerosol route. For disease progression, bacterial loads were enumerated in lungs and spleens of infected animals at 4 and 8 weeks postinfection. For bacterial enumeration, organs were homogenized in 2 ml of MB7H9 medium, 10.0-fold serial dilutions were prepared, and 100 l was plated on MB7H11 plates at 37°C for 3-4 weeks. For histopathology analysis, the upper left lobe from guinea pig lungs was formalin-fixed and stained with hematoxylin and eosin. The number and nature of granulomas and total granuloma score were determined by a pathologist as described previously (24) .
RNA-Seq experiments
For RNA-Seq analysis, total RNA was isolated and DNase I-treated, and RNA quality was assessed using an Agilent Bioanalyzer. The RNA samples were sent to AgriGenome Labs Pvt Ltd. (India) for library preparation and sequencing using Illumina HiSeq2000. The preprocessed high-quality reads were aligned with the M. tuberculosis H37Rv genome obtained from Ensemble (https://mycobrowser.epfl.ch/) 8 using the Tophat program. Using these aligned reads, differential expression of transcripts was performed using the Cufflinks program (version 2.2.1). Standard cutoffs of 2.0-fold change and corrected p values (p Ͻ 0.05) were used to identify differentially expressed genes.
Sensor kinase autophosphorylation assays
10 M purified recombinant mycobacterial sensor kinases (as indicated) were purified as reported previously and were preincubated for 10 min at 30°C with varying concentration of PolyP 17 in autophosphorylation buffer (50 mM Tris-HCl, pH PolyP homeostasis is essential for M. tuberculosis virulence 8 .0, 50 mM KCl, 10 mM MgCl 2 ) (69). The autophosphorylation reactions were initiated by the addition of 50 M ATP and 2 Ci of ␥-32 P-labeled ATP for 2 h. The reactions were terminated by the addition of 1ϫ SDS-PAGE sample buffer. The samples were resolved on 15% SDS-PAGE, and the gel was washed and exposed to a phosphor screen for 4 h followed by imaging with a Typhoon 9210 phosphor imager (GE Healthcare).
Microscale thermophoresis studies
The fluorescently tagged or labeled proteins were incubated with increasing concentrations of PolyP, and binding was analyzed using a Monolith NT-115 instrument (NanoTemper Technologies, GmbH) (70) . The samples were excited for 30 s using the red laser (microscale thermophoresis power ϭ 60%, LED power 100%). The data obtained were analyzed using MO Control software (NanoTemper Technologies, GmbH), and K D for PolyP binding to these proteins was determined.
Statistical analysis
Prism 5 software (version 5.01; GraphPad Software, Inc., La Jolla, CA) was used for statistical analysis and the generation of graphs. For normally distributed data, comparisons were performed by a paired (two-tailed) t test. Differences between groups were considered significant at p Ͻ 0.05. 
